Purpose: Two-dimensional selective excitation (2DRF) allows shortening 4D flow scan times by reducing the FOV, but the longer 2DRF pulse duration decreases the temporal resolution, yielding underestimated peak flow values. Multiple k-space lines per cardiac phase, n l ≥ 2, are commonly applied in 4D flow MRI to shorten the inherent long scan times. We demonstrate that 2DRF 4D flow with n l ≥ 2 can be easily combined with UNFOLD (UNaliasing by Fourier-encoding the Overlaps using the temporaL Dimension), a technique that allows regaining nominally the temporal resolution of the respective acquisition with n l = 1, to assure peak flow quantification. Methods: Two different 2DRF pulses with spiral k-space trajectories were designed and integrated into a 4D flow sequence. Flow phantom experiments and 7 healthy control 4D flow in vivo measurements, with and without UNFOLD reconstructions, were compared with conventional reconstruction and 1D slab-selective excitation (1DRF) by evaluating time-resolved flow curves, peak flow, peak velocity, blood flow volume per cardiac cycle, and spatial aliasing. Results: Applying UNFOLD to 4D flow imaging with 2DRF and reduced FOV increased the quantified in vivo peak flow values significantly by 3.7% ± 2.3% to 5.2% ± 2.4% (P < .05). Accordingly, the peak flow underestimation of 2DRF scans compared with conventional 1DRF scans decreased with UNFOLD. Finally, 2DRF combined with UNFOLD accelerated the 4D flow acquisition 3.5 ± 1.4 fold by reducing the FOV and increasing the effective temporal resolution by 6.7% compared with conventional 1D selective excitation, with 2 k-space lines per cardiac phase. Conclusion: Two-dimensional selective excitation combined with UNFOLD allows limiting the FOV to shorten 4D flow scan times and compensates for the loss in temporal resolution with 2DRF (Δt = 64.8 ms) compared with 1DRF (Δt = 43.2 ms), yielding an effective resolution of Δt eff = 40.5 ms to enhance peak flow quantification.
| INTRODUCTION
Temporally resolved, complex, 3D velocity vector fields can be measured noninvasively by 4D flow imaging 1 to characterize hemodynamics, for example in intracranial aneurysms or feeding arteries of arteriovenous malformations. 2, 3 In stenotic diseases, it has been shown that, in particular, the peak flow decreases significantly and may therefore serve as a biomarker. 4, 5 Still, long acquisition times of 10-20 minutes prevent the routine clinical application of 4D flow imaging, 1 even though multiple k-space lines per cardiac phase, n l ≥ 2, are typically acquired. 1 Therefore, 4D flow MRI has been accelerated by various spatial and temporal undersampling techniques. [6] [7] [8] [9] [10] [11] Another promising acceleration approach restricts the field of excitation (FOX) in 2D by using 2D spatially selective excitation (2DRF), which allows reducing the FOV in 2D to the target region only. [12] [13] [14] Spatial selectivity is achieved by applying gradients along both selective directions during RF application using, for example, a spiral excitation-k-space trajectory. Recently, 2DRF has been applied successfully to accelerate 4D flow imaging (2DRF 4D flow), 15 and 2DRF 4D flow reduced scan times from 23.6 ± 4.7 minutes to 6.7 ± 1.3 minutes. However, 2DRF pulse durations of about 3.5 ms reduced the temporal resolution compared with conventional 1-dimensional (1D) slab-selective RF pulses (1DRF, such as SINC). 15 The temporal resolution is, however, critical for correct peak flow quantification. [16] [17] [18] Furthermore, the reduced FOV (rFOV) needs to be oversampled in both phase-encoding directions 19 (i.e., rFOV > FOX), to prevent static spatial aliasing, 19 which prolongs the scan time.
UNaliasing by Fourier-encoding the Overlaps using the temporaL Dimension (UNFOLD) (20, 21) is a dynamic acceleration technique that retrospectively increases the temporal resolution of an originally segmented k-space acquisition. 19 The UNFOLD technique has been applied successfully to cardiac imaging, 20, 21 MR thermometry, 19, 22 and functional MRI 20 for dedicated reconstructions of phasecontrast MRI 23 and to 4D flow MRI as shown in initial results. 11 Despite the technique's benefits, UNFOLD may induce dynamic spatial aliasing. 19 However, the combination of 2DRF and UNFOLD mitigates UNFOLD's intrinsic risk of dynamic aliasing by using spatial oversampling, which is needed for 2DRF to avoid static aliasing, as shown in phantom and in vivo abdominal imaging. 19 In this work, we investigate the benefit of an UNFOLD-2DRF combination for 4D flow imaging. Because 4D flow MRI is commonly acquired with n l ≥ 2 to shorten scan durations, UNFOLD may be readily applied. The combination is expected to (1) accelerate 1DRF 4D flow by reducing the FOV, (2) regain the temporal resolution of a respective 1DRF acquisition with n l = 2 by applying UNFOLD to assure peak flow quantification, 16 and (3) diminish dynamic and static aliasing by combining 2DRF and UNFOLD.
The UNFOLD 2DRF 4D flow sequence is tested in pulsatile flow phantom and in vivo measurements. Time-resolved flow curves, velocity curves, and magnitude and velocity images are calculated to investigate the method's excitation, reconstruction, and aliasing behavior. Two different UNFOLD filter bandwidths and 2DRF pulses are evaluated with respect to peak flow quantification, peak velocity, flow volume per cardiac cycle, and aliasing behavior, and compared with reconstructions without UNFOLD. Here, the time sensitivity of 4D flow enables investigating the temporal reconstruction accuracy of UNFOLD. Furthermore, peak flow quantified when applying 2DRF excitation with and without UNFOLD is compared with 1DRF-excitation. Finally, SNR is investigated for different 2DRF excitation and UNFOLD reconstruction types.
| METHODS

| Two-dimensional selective excitation
The small-tip angle model 12 was used to design 2 different 2DRF pulses described in detail in Wink et al. 15 Briefly, the first pulse, RFL, excites a rectangular bar with FOX = (∞ × 6 × 6) cm 3 and bandwidth-time product (BWTP) = 1.2, and the second, RFS, excites a smaller FOX = (∞ × 3.6 × 3.6) cm 3 with BWTP = 0.9. Both 3.5-ms-long pulses were calculated in MATLAB (MathWorks, Natick, Massachusetts) based on spiral k-space trajectories located in the k y ,k z -plane orthogonal to the nonselective k x -axis. The measured gradient waveforms 24 were integrated in the RF-pulse calculations to improve the excitation profile. 15 Both 2DRF pulses were integrated into a prospectively electrocardiogram-triggered Cartesian 4D flow sequence, 1, 25 such that the readout was oriented along the nonselective axis.
| Flow phantom experiments
Flow phantom experiments were performed on a 3T scanner (Magnetom Verio; Siemens, Erlangen, Germany) using a 15-channel knee coil. The phantom consisted of an outer cylindrical bottle of 112-mm diameter and 2 inner tubes of 16-mm diameter, 15 Technologies, London, Canada) (Supporting Information Figure S1 ). Distilled water was flowing forward in the right tube and backward in the left tube, mimicking pulsatile blood flow with a maximal flow rate of 170 mL/s using the vendor's carotid flow curve. The 4D flow acquisitions with rFOV were performed (1) with RFL and the rFOV adjusted to the FOX of RFL (FOVL) = 128 × 96 × 96 mm 3 , and (2) with RFS and the rFOV adjusted to the FOX of RFS (FOVS) = 128 × 64 × 64 mm 3 , each with n l = 1 and n l = 2. (3) For reference, 4D flow was obtained with 1DRF excitation in a full FOV of 128 × 128 × 96 mm 3 , using n l = 1 and n l = 2. All phantom acquisition parameters are given in Table 1A .
| In vivo acquisition
Three 4D flow scans targeting the circle of Willis, the internal carotid arteries (ICAs), and the basilar artery were each acquired in 7 healthy volunteers (age: 33.7 ± 12.5 years, 3 females, 4 males) on the previously mentioned 3T system using a 12-channel head coil and a vendor-provided electrocardiogram for prospective cardiac triggering. Written informed consent was obtained from the subjects according to a local institutional review board-approved protocol. The first 2 scans were performed using (I) RFL with FOVL and (II) RFS with FOVS, orienting the nonselective readout axis in the right-left direction. The third scan (III) with 1DRF served as the reference and was oriented as in data sets (I) and (II). Its FOV was adjusted in the first phase-encode (PE1) direction to the subject's head size, resulting in the full FOV of (256 × 222 ± 18 × 96) mm 3 . All in vivo scans were acquired with n l = 2 and acquisition times of (I) 15.5 ± 3.7 minutes, (II) 6.7 ± 1.3 minutes, and (III) 35.4 ± 7.0 minutes. Table 1B summarizes all in vivo acquisition parameters.
Residual background phase, for example, due to eddy currents, was corrected using a first-order polynomial fit to the phase difference in static tissue. Distortion and concomitant fields were not corrected for, as 2D-selective excitations were performed in isocenter and flow analysis was performed maximally ±2 cm from isocenter. Noise, static tissue, and vessels were segmented semi-automatically 15 with fuzzy c-means clustering [26] [27] [28] and Otsu's thresholding. 29 
| Reconstruction with UNFOLD
All data reconstruction and postprocessing was performed in MATLAB. To increase the temporal resolution, data sets acquired with n l = 2 were reconstructed with an UNFOLD factor of 2 (UNFOLD2). In UNFOLD2, odd and even k-space lines of each cardiac phase are split into 2 separate time frames (Supporting Information Figure S2A ), which doubles the nominal temporal resolution and halves the number of k-space lines, resulting in undersampling artifacts (Supporting Information Figure S2B ). Consequently, the kspace sets of adjacent time frames are shifted by half a line; therefore, first-order aliasing artifacts toggle their phase by 180º. The UNFOLD technique 19, 20 removes the undersampling artifacts by applying a fast Fourier transform along the temporal dimension and a Fermi filter f(E) = (1 + exp(β(|E| − E f ))) −1 in the resulting temporal frequency space (Supporting Information Figure S2C ). Here, we used β −1 = 0.022N y , based on Madore et al, 20 and compared E f = 0.5N y and E f = 0.8N y regarding SNR and peak flow quantification (E, frequency; N y , Nyquist frequency). Because f(E) is a low-pass filter, the threshold E f yields the effective temporal resolution and artifact level. Finally, the unaliased images were obtained by applying an inverse fast Fourier transform in time (Supporting Information Figure S2D ). Dynamic aliasing may occur if the dynamic bandwidth of the data is larger than E f . If UNFOLD is combined with 2DRF, it occurs at the rFOV borders, which have been acquired spaciously to prevent static aliasing. Whereas the nominal temporal resolution is always doubled with UNFOLD2, the effective temporal resolution Δt eff is controlled by E f . With nominal Δt = 32.4 ms, E f = 0.5N y results in Δt eff = 64.8 ms, and E f = 0.8N y yields Δt eff = 40.5 ms.
| Evaluation of UNFOLD reconstruction
| Flow phantom experiments
The time-resolved flow Q(t) 15 was determined within the right tube cross section and eventually after UNFOLD2 reconstruction of the corresponding RFL and RFS data sets. To analyze dynamic aliasing due to UNFOLD, magnitude and velocity images were investigated at peak flow. Additionally, the differences in peak flow Q between n l = 2 data sets and n l = 1 data sets were calculated for RFL and RFS and for the different reconstruction types.
| In vivo acquisition
To evaluate the image quality for all 4 combinations of 1DRF/2DRF acquisitions reconstructed without/with UNFOLD while matrix sizes and acquisition times are kept similar, data sets (I) and (II) were 2-fold undersampled for UNFOLD reconstruction, termed (I 2x ) and (II 2x ), and reconstructed both without and with UNFOLD (E f = 0.5N y ). Furthermore, data set (III) was retrospectively 4-fold undersampled in the PE1-direction (data set III 4x ) to match approximately data set (I 2x ) and 6-fold undersampled (data set III 6x ) to match approximately data set (II 2x ) in both matrix size and acquisition time. Both data sets (III 4x ) and (III 6x ) were reconstructed without and with UNFOLD. Blood velocity v(t) and flow Q(t) were determined within a cross section of the subject's ICAs, basilar artery, and middle cerebral arteries (MCAs). 15 To investigate temporal resolution effects, v(t) and Q(t) were calculated for acquisitions (I) and (II), reconstructed without and with UNFOLD (E f = 0.5N y and E f = 0.8N y ) and for reference data (III).
Moreover, the difference in systolic peak flow ΔQ =Q −Q ref and peak velocity Δv =v −v ref between data sets (I) or (II) and the reference (III), the differences ΔQ =Q UNFOLD −Q ref and Δv =v UNFOLD −v ref between the UNFOLD reconstructed data sets (I) or (II) and the reference (III), and the difference ΔQ UNFOLD =Q UNFOLD −Q between reconstruction with and without UNFOLD of data sets (I) and (II) were determined. Here, both UNFOLD reconstructions using E f = 0.5N y and E f = 0.8N y were investigated.
To investigate the UNFOLD reconstruction accuracy during diastole, the blood-flow volume per cardiac cycle V 15 was determined, and the difference (ΔV UNFOLD = V UNFOLD − V) between reconstruction without (V) and with UNFOLD (V UNFOLD ) was computed for data sets (I) and (II).
Differences, mean differences ( ΔQ , ΔQ UNFOLD , Δv, and ΔV UNFOLD ), and SDs across all subjects were visualized in Bland-Altman plots. Statistical analysis was performed using first Lilliefors test to confirm that V and Q were normally distributed across subjects, and consequently a t-test to determine P values.
| Signal-to-noise ratio
The average SNR within static tissue was determined based on Constantinides et al 30 following the root sum squared combination of the individual receiver coils in each volunteer for all 9 combinations of different acquisition and reconstruction types. The mean magnitude signal M s was computed within static tissue segments, whereas the mean noise magnitude M n was computed within noise segments. Finally, SNR = M s ∕M n and relative SNR were calculated. Mean values and SDs were calculated over all subjects, and if applicable over reconstruction or excitation types.
| RESULTS
| Flow phantom experiments
Using n l = 2 instead of n l = 1, as used for reference, the peak flow was reduced by -2.9% (RFL, Figure 1A ) and −2.6% (RFS, Figure 1B ). Reconstructing these data sets using UNFOLD2 with E f = 0.5N y , the underestimation in peak flow was reduced to −0.2% (RFL) and +0.6% (RFS), despite using a low effective temporal resolution with Δt eff = 64.8 ms. Applying UNFOLD2 with Δt eff = 40.5 ms, peak flow underestimation was reduced to −1.2% (RFL) and −0.6% (RFS). Whereas no dynamic aliasing was visible when applying UNFOLD with E f = 0.5N y , dynamic aliasing appeared during systole close to the rFOV boundary when applying UNFOLD with the broad frequency filter E f = 0.8N y (Figure 1, white arrows) . Moreover, 2DRF reference data sets with n l = 1 coincide well with 1DRF data sets with both n l = 1 and n l = 2 ( Figure 1C-F ).
| In vivo study
The 2D selective excitation with rFOV was qualitatively successful without visible aliasing (Supporting Information Figure S3B ,H). Whereas the longer 2DRF-pulse duration decreased the temporal resolution by 33% compared with 1DRF excitation, UNFOLD retrospectively doubled the 2DRF temporal resolution nominally. Furthermore, UNFOLD effectively removed the aliasing in data sets (I 2x ) and (II 2x ) near the rFOV borders, resulting in image quality equivalent to conventional data sets (I) and (II) (Supporting Information Figure S3F ,L).
Time-resolved flow curves through the ICAs of 2DRF data sets (I) and (II), reconstructed without (Δt = 64.8 ms) and with UNFOLD (Δt = 32.4 ms) were observed to be qualitatively similar during cardiac phases with slowly varying flow for all volunteers (Figure 2 and Supporting Information Figure S4 ). Accordingly, mean deviations in flow volume per cycle between reconstructions with and without UNFOLD ΔV UNFOLD were close to zero using both RFL and RFS ( Figure 3D ). For RFL, no significant difference was found for both E f = 0.5N y and E f = 0.8N y , whereas for RFS the deviation in flow volume per cycle was significant (P < .05).
However, during systole when flow rapidly changes, higher peak flow and peak velocities were observed with than without UNFOLD (Figures 2 and 3 ). Both 2DRF data sets (I and II) without UNFOLD underestimated peak flow compared with data set (III) ( Figure 3A, top) . Applying UNFOLD to the 2DRF data sets (I and II), the mean peak flow deviation decreased ( Figure 3A, bottom) . In none of the cases significant differences were found between the data sets, although differences were smaller for RFL. Still, P-values increased when using UNFOLD (Table 2A ). Similarly, significantly higher peak flow was quantified with than without UNFOLD (P < .05), and the quantified peak flow increased with increasing E f ( Figure 3C ). In conclusion, the increased temporal resolution due to UNFOLD allowed the peak flow of the 2DRF data sets (I and II) to converge toward the 1DRF reference (III) or even exceed data set (III) for E f = 0.8N y and data set (I). Similarly, the mean peak velocity increased for data sets (I) and (II) by applying UNFOLD (Figure 3B and Table 2B ). Table 2 summarizes the mean differences in peak flow, peak velocity, and flow volume per cycle, and Supporting 1.2, and, B , the 2DRF pulse, RFS, exciting the small FOX = (∞ × 3.6 × 3.6) cm 3 with BWTP = 0.9, with 1 k-space line per cardiac phase (n l = 1; solid lines) or n l = 2 (nonsolid lines). The acquisitions with n l = 2 were reconstructed without UNFOLD (UNaliasing by Fourier-encoding the Overlaps using the temporaL Dimension; dotted lines) or using UNFOLD2, applying a Fermi filter with E f = 0.8N y (dash-dotted lines) or E f = 0.5N y (dashed lines). Although peak flow is underestimated using n l = 2 compared with n l = 1 by 2.9% (RFL) and 2.6% (RFS), it coincides well with the n l = 1 reference, applying UNFOLD2 with E f = 0.5N y (RFL, −0.2%; RFS, +0.6%) or E f = 0.8N y (RFL, −1.2%; RFS, −0.6%). White arrows indicate dynamic aliasing in systole due to the application of UNFOLD with a broad time-frequency filter (E f = 0.8N y ). C,D, Flow curves acquired using RFL (blue solid line) (C) and RFS (green solid line) (D) with n l = 1 agree well with the flow curves acquired using 1-dimensional (1D) slab-selective excitation (1DRF) and n l = 1 (gray solid line) or n l = 2 (dark red solid line). E,F, Zoomed-in view of the flow curves shown in (C) and (D) into the area highlighted as a gray rectangle. Abbreviations: PE1, phase-encode 1; PE2, phase-encode 2; RO, readout | 333 WINK et al.
Information Figure S4 shows time-resolved flow curves of all subjects S1-S7 in the ICA. Supporting Information Table S1 summarizes the respective relative mean differences in the ICA, basilar artery, and left and right MCA.
| Signal-to-noise ratio
Supporting Information Figure S5A shows the SNR relative to reference data set (III) without UNFOLD reconstruction. Compared to reconstruction without UNFOLD, the SNR augmented by 2.2% ± 0.1% using UNFOLD with E f = 0.5N y , and decreased by −18.9% ± 1.1% using UNFOLD with E f = 0.8N y independently of the excitation (Supporting Information Figure S5B ). Compared with the 1DRF data set (III), the SNR increased by 8.6% ± 0.1% with the RFL data set (I) and decreased by −34.0% ± 0.9% with RFS data set (II) independently of the reconstruction (Supporting Information Figure S5C ). The findings suggest that excitation and reconstruction-based SNR changes are separable.
| DISCUSSION
In this work, we demonstrate the potential of UNFOLD to enhance peak flow quantification in 2DRF 4D flow by improving the temporal resolution Δt = 64.8 ms in 2DRF 4D flow to nominally Δt = 32.4 ms and effectively Δt eff = 40.5 ms. Two different 2DRF pulses, RFS and RFL, in combination with UNFOLD2, were studied.
Although the benefit of combining 2DRF with UNFOLD 19 and initial results applying UNFOLD to 4D flow 11 have been shown separately, we demonstrate here the synergy of combining UNFOLD and 2DRF for 4D flow. Because multiple k-space lines per cardiac phase (n l ) are commonly acquired in 4D flow MRI to keep scan durations short, 1 UNFOLD may be readily applied. Combining 2DRF and UNFOLD alleviates UNFOLD's inherent risk of dynamic aliasing by using spatial oversampling, which is required for 2DRF to prevent static aliasing. 19 Combining all 3 techniques accelerates 4D flow by reducing the FOV, while regaining the temporal resolution of a respective 1DRF acquisition with n l = 2 due to UNFOLD, and mitigates static and dynamic aliasing by the combination of 2DRF and UNFOLD. Applying RFS in vivo allowed reducing the FOV and thus the scan time by −71% ± 9%, but the temporal resolution decreased by 33.3% due to the 3.5-ms pulse duration of the 2DRF pulses. Applying UNFOLD2 with E f = 0.8N y increased the nominal temporal resolution by 33.3% and the effective temporal resolution by 6.7%, both compared to the 1DRF reference with n l = 2. Keeping this increase in temporal resolution, FOV and scan time could be maximally reduced 4.5-fold 15 with this technique. In this work, the nominal temporal resolution refers to the temporal spacing between UNFOLD undersampled k-space sets. The maximally resolvable temporal variation, however, is given by the UNFOLD Fermi filter E f and the resulting effective temporal resolution.
The 4D flow imaging with 2DRF yielded significantly higher in vivo peak flow values when applying UNFOLD as compared with peak flow values obtained without UNFOLD (P < .05). Without UNFOLD and with 2DRF, instead of 1DRF excitation, peak flow was underestimated due to the lower temporal resolution. 17 Applying UNFOLD, peak flow underestimation decreased. Similarly, the quantified peak velocity increased by applying UNFOLD. Likewise, peak velocity and flow in the basilar artery and both middle cerebral arteries increased when applying UNFOLD, whereas the blood flow volume remained constant.
Flow phantom experiments confirmed such findings. Notably, even using UNFOLD2 with E f = 0.5N y (i.e., changing only the nominal, but not the effective temporal resolution) improved peak flow quantification. Additionally, flow phantom experiments for UNFOLD3 reconstruction were performed and yielded similar results as UNFOLD2 experiments. Dynamic aliasing appeared when using UNFOLD with 1.6-fold the acquisition bandwidth (E f = 0.8N y ). For UNFOLD2, it appeared at the FOV borders only, which were oversampled to prevent static aliasing from residual excitation and may be discarded. The static aliasing in the 2-fold undersampled in vivo data sets (I 2x and II 2x ) at the rFOV boundaries (Supporting Information Figure S3D ,J, white arrows) indicates where dynamic aliasing may potentially occur. Keeping acquisition and UNFOLD bandwidth the same, no dynamic aliasing occurred.
The SNR appeared to depend on acquisition and reconstruction type separately. Acquisition-wise, the SNR increased for the RFL compared with the 1DRF data, whereas it was expected to decrease by −25.5% due to changes in number of k-space lines, TR, TE, and assuming T 1 = 1084 ms 31 and a flip angle (FA) of 5º. The observed changes in SNR could be explained by actual FAs of 3º (1DRF) and 6º (RFL), which differ from the nominal FA of 5º. Reconstructionwise, the SNR decreased using UNFOLD2 with E f = 0.8N y by −18.9% ± 1.1%, but increased for E f = 0.5N y by + 2.2% ± 0.1%, as expected theoretically (E f = 0.8N y : −19.8%; E f = 0.5N y : +2.3%). 20 This study has several limitations. First, this work would profit from using higher FAs, to benefit from inflow effects. Here, FAs below the Ernst angle were used, which allowed us to verify the excitation pattern straightforwardly. Second, in addition to the reference measurements with 1DRF excitation and n l = 1, a flow meter as ground truth would strengthen the phantom results. Third, distortion and concomitant fields were not corrected for; however, 2D selective excitations were performed in isocenter and velocities were analyzed within ±2 cm from isocenter. Furthermore, the spatial resolution of 2-mm isotropic may limit the quantification of hemodynamic parameters in the basilar artery, middle cerebral arteries, and internal carotid arteries, due to their small diameters in the range of 3-5 mm. 32, 33 Finally, a general limitation of our implementation was given by the effective temporal resolution of UNFOLD 2DRF 4D flow, which is limited to Δt eff > 4 TR = 32.4 ms. Still, typical temporal resolutions in 4D flow are Δt = 40-50 ms, independent of the target region. 1 Ultimately, 2DRF excitation with UNFOLD2 permits quantifying peak flow successfully, filtering either with E f = 0.5N y , if this matches the flow signal bandwidth, or using E f > 0.5N y and possibly halving the rFOV by discarding its boundaries to mitigate dynamic aliasing.
The presented method would be suitable, for example, for aortic scans, in which maximal accelerations of 25 m/s 2 have been measured at velocities of approximately 1 m/s at the aortic valve, 34 which translate to a velocity change with 25 Hz, matching the bandwidth of 24.7 Hz when using UNFOLD2 with E f = 0.8N y .
This study supports future 2DRF 4D flow imaging at ultrahigh fields, characterizing, for example, aneurysms or arteriovenous malformation with high spatio-temporal resolution. Furthermore, the joint technique might prove useful to reduce motion artifacts, such as swallowing artifacts 35 in carotid artery imaging, while preserving high temporal resolutions. Combining retrospective electrocardiogram triggering with compressed sensing, temporal resolutions with Δt < 2 TR have been shown for 2D cine phase-contrast MRI. 36 Similarly, integrating 2DRF pulses into a retrospectively electrocardiogram-triggered 4D flow sequence would allow reconstructing 2DRF 4D flow MRI with Δt < 4 TR. Using parallel transmission 37, 38 to decrease 2DRF pulse durations 39 is another option to increase temporal resolutions, which would additionally decrease the excitation sensitivity to magnetic field inhomogeneities.
